We have compiled 36 previously published palaeoclimate records to determine the timing and spatial pattern of century-scale abrupt changes in Asian monsoon precipitation since the last deglaciation. We identify abrupt events from (1) the interpretations of the authors of these records and (2) the more objective moving t-test calculation. Our results indicate that abrupt climatic changes occurred at~11.5 cal. ka,~4.5-5.0 cal. ka and ad 1300. At the start of the Holocene (~11.5 cal. ka), Asian monsoon precipitation increased dramatically. This climatic change is synchronous with an abrupt warming in the North Atlantic. During the middle Holocene, there was a time of preferred and widespread weakening in monsoon strength (~4.5-5.0 cal. ka). This result contradicts previous notions of either a gradual trend towards drier conditions or a series of abrupt events that occurred in an unorganized fashion across space and time. The middle-Holocene abrupt event could have been synchronous with an abrupt cooling event in the North Atlantic, as well as a warming and intensi cation of internannual variability in the tropical Paci c. In contrast to previous periods, precipitation changes at ad 1300 have a heterogeneous spatial pattern. We nd no conclusive evidence for a change in the Asian monsoon at 8.2 cal. ka, as suggested by several previous studies. More high-resolution data may be needed to observe this short-lived event. Overall, our results attest to the potential for rapid and major shifts in Asian monsoon precipitation that may be triggered by variations in other components of the climatic system.
Introduction
Variability of the Asian summer monsoon impacts many aspects of the earth system, both regionally and globally. On the regional scale, extreme variations in the monsoon cause ooding and crop failures that impact nearly two-thirds of the world's population (Webster et al., 1998) . On a larger scale, the Asian monsoon is an important component of the climatic system and interacts with other components. Many previous studies suggest that the Asian monsoon responds to changes in other parts of the climatic system, including the El Niño-Southern Oscillation (ENSO) and North Atlantic thermohaline circulation (e.g., Shukla and Paolino, 1983; Yang, 1996; Overpeck et al., 1996) . Researchers also speculate that uctuations within the Asian monsoon can modify climate elsewhere in the world, by triggering changes in tropical methane production or in the transport of water and energy (Gasse and Van Campo, 1994; Liu et al., 2000; Kudrass et al., 2001) . Previous reviews of monsoon variability have focused on determining how and why the Asian monsoon varies on interannual and millennial timescales (e.g., Webster et al., 1998; Zhou et al., 1991; Winkler and Wang, 1993) . Researchers have given less attention to abrupt changes in the monsoon that occur on century timescales. Changes occurring on these timescales are of special importance, however, because this timescale is relevant to human activities. Over the past several years, researchers have generated many new records of century-scale uctuations in monsoon strength, which allow us to develop a more comprehensive picture of the spatial and temporal uctuations of the monsoon on this timescale. In our research, we examine these records to answer two questions: (1) when have abrupt variations in the strength of the Asian monsoon occurred since the last deglaciation and (2) what is the spatial signature of precipitation anomalies during these time periods?
To answer these questions, we have extracted information from the palaeorecords in two different ways. First, we catalogued the timing and direction of precipitation changes as reported by the authors of these records. This approach was taken in several previous reviews of monsoon variability (e.g., Shi et al., 1993; Overpeck et al., 1996) . However, this approach has several limitations. For example, the focus and length of the published paper will determine which events the author mentions. Second, we used a statistical test to identify abrupt climatic change in each individual record. We use results from both of these methods, along with evidence from palaeoclimate records from other regions of the world, to speculate about possible causes for these century-scale abrupt events.
Methods
We rst compiled palaeoclimate records from the published literature. Records must meet several criteria in order to be included in our compilation. First, study sites must be located in regions that were under the in uence of the Asian summer monsoon during the Holocene (Figure 1 ). This includes sites in uenced by either of the two regional monsoons in Asia, the Southwest Asian monsoon (or Indian monsoon) and the East Asian monsoon. We used the millennial-scale palaeoclimate reconstruction of Winkler and Wang (1993) to determine which sites meet this criteria. For sites that were affected by the monsoon for just part of the Holocene, we examined only the segment of the record that, according to the authors of the record, re ected monsoon uctuations. Second, resolution of the proxy records must be suf cient to observe abrupt events that occur over~100 to~500 years. We Table 1) . Lines indicate modern extent of East Asian and Southwest Asian monsoons (dashed lines) and maximum areal extent of monsoons during Holocene (solid line), as mapped by Winkler and Wang (1993) . required at least 50-year resolution for records spanning the interval with many historical records (i.e., since ad 250) and at least 250-year resolution for records from earlier periods (i.e., from 15.0 cal. ka to ad 250). Requirements differ for the historical and pre-historical time periods because the temporal resolution of many records is much ner for the historical time period. The low Wang et al. (1999a,b) c L = age model based on layer counts; H = age model based on historical records.
resolution for the pre-historical time period does not allow us to note century-long wet or dry spells. Instead, this analysis focuses on step changes between climatic states that occur on century timescales. Third, age control in each record must allow for precise dating of century-scale events. We did not include records of noncontinuous deposits (e.g., moraines, river deposits, lake terraces), records from lakes with hardwater effects greater than 500 years whose age control is not obtained from terrestrial macrofossils, and records lacking precise radiocarbon dates (i.e., errors less than 250 years).
Fourth, the proxies measured must re ect variations in summer monsoon rainfall. In some cases, records we used may also re ect, to a lesser degree, summer temperature or winter rainfall uctuations (e.g., records of lake-water balance). We used these records in order to have a larger sample size for our analyses. We did not include records that re ect only temperature or winter precipitation.
There were 36 records that satis ed our selection criteria ( Table  1 ). The locations of these records are shown in Figure 1 . Thirteen of these records provided information on the historical time period and 26 records provided information about the pre-historical time period. Both time periods contained a variety of different proxy records (e.g., marine, lake, ice core) and were not dominated by any one proxy type (Table 1) .
We identi ed century-scale events in two ways. First, we compiled events noted by the authors of these palaeoclimate records. Second, we identi ed events using a rigorous and more objective statistical test, the moving t-test. Many researchers have previously used the moving t-test method in order to identify abrupt climatic change (e.g., Karl and Riebsame, 1984; Fraedrich et al., 1997; Cao, 1998) . This method is based on a series of t-statistics calculated for adjacent windows of time along the length of a data record. If the t-statistic indicates that the mean values of two adjacent windows are statistically different, then this is evidence that an abrupt climatic change occurred between the two time periods. The t-statistic is calculated as:
where x 1 and x 2 are the means, s 1 and s 2 are the standard deviations of the two adjacent windows and n is the number of measurements in each of the two adjacent time intervals. When the number of measurements (n) was different for the two adjacent time intervals, we used the lower number for n. This provided a more conservative calculation for statistical signi cance. Numeric data les for each of the 36 records were obtained either from the World Data Center for Paleoclimatology or from digitizing published gures.
We made t-test calculations using a series of overlapping windows along the proxy time series. The rst t-test calculation was made for two windows that met halfway between the second and third data points in the proxy time series. The second calculation was made for two windows that met halfway between the third and fourth data points, and so on. This process was designed to test for the presence of an abrupt change between each pair of adjacent data points in the proxy time series. We used window lengths ranging from 100 years to 500 years for the historical time period and 500 to 2500 years for the pre-historical time period. We identi ed abrupt events that were consistent across more than one window length and that were statistically signi cant at the 99% and 95% con dence levels.
For records with more than one proxy re ecting summer monsoon precipitation, we performed the moving t-test on each individual proxy. For these multiproxy records, we included in our compilation abrupt events that occurred: (1) in two or more proxies, with the proxies indicating precipitation changes in the same direction; or (2) in only one proxy, with all other proxies indicating no precipitation change. We feel it is valid to include events recorded in only one proxy of a multiproxy record because some proxies might be more sensitive to particular abrupt changes than other proxies are. Events observed in just one proxy are less convincing than events observed in two more proxies of a multiproxy record. However, if we ignored events observed in only one proxy, we might have ignored real climate events. We did not include abrupt events that occurred in two or more proxies but whose inferred precipitation change was not consistent among the proxies.
Lastly, we re-examined the proxy records in order to ensure that the abrupt events identi ed by the moving t-test were real and were not artifacts of our statistical approach. We clearly saw within the proxy records each abrupt event identi ed by the moving t-test at the 99% con dence level. Abrupt events identi ed at the 95% con dence level were often less clear, however, and we therefore report only on results obtained at the 99% condence level.
To determine the time intervals in which the most widespread century-scale events occur, we constructed histograms of the number of events observed through time for both the historical and pre-historical time periods. For these histograms, we divided the historical time period into 100-year intervals and, due to the lower resolution of the earlier palaeoclimate records, divided the prehistorical time period into 500-year intervals. We made additional calculations using intervals with different lengths and midpoints to verify that our results did not depend on these factors (not shown).
We expressed our results from both methods of compilation as anomalies from the expected number of events per histogram bin, assuming a random distribution of events through time. We also corrected the expected number of events for several factors. First, we scaled the expected number of events in each bin according to the number of records spanning the bin so that intervals that are spanned by fewer records have a lower number of expected events (Figure 2 ). Second, we corrected for errors resulting from the non-linear relationship between the radiocarbon and calendar timescales. Most of the early to middle Holocene records were dated according to the radiocarbon-year timescale and we converted these ages to the calendar-year timescale using CALIB v. 4.1 (Stuiver and Reimer, 1993) and the calibration data set of Stuiver et al. (1998) . Errors occurred because 500-year bins that span times when the calendar timescale is compressed (expanded) relative to the radiocarbon timescale will be associated with more (fewer) radiocarbon dates and will therefore have an increased (decreased) likelihood of events falling within them. We corrected for this factor by scaling the expected number of events in each bin by the number of radiocarbon years each bin spans (Figure 3) .
We did not perform separate analyses for the East Asian monsoon subregion and the Southwest Asian monsoon subregion because there were too few records for separate analyses. Therefore, our study is most likely to identify abrupt events that are widespread and occur in both subregions. As more palaeoclimate records become available, subregional analysis will become possible.
When do abrupt events occur?
It appears that the most prominent abrupt shift in monsoon strength during the historical period took place at ad 1300 6 50 years ( Figure 4, A and B) . We calculated a signi cance test to determine if the anomaly number of events detected by the authors and the moving t-test at ad 1300 can be explained by chance. We found that the anomaly number of abrupt events is signi cantly different from zero at the 95% con dence level, indicating that an abrupt event most likely occurred at this time. The anomaly number of events during other periods (e.g., ad 1000, ad 700-600) may be statistically signi cant at lower con dence levels, but they are not signi cant for both compilations.
The authors of records spanning the pre-historical period detect important abrupt events at~11.5 cal. ka,~12.0 cal. ka and~13.0 cal. ka ( Figure 4C ). The anomalous numbers of events during these periods are all signi cantly different from zero at the 95% con dence level. In contrast, the moving t-test results indicate a signi cant number of events at only~11.5 cal. ka ( Figure 4D ). The moving t-test also detects an important abrupt climatic change that occurred at~4.5 to~5.0 cal. ka, which the authors of these records do not note as frequently.
A century-scale climatic change occurring~8.2 cal. ka in the North Atlantic region (e.g., Alley et al., 1997; von Grafenstein, 1998) is not indicated in the Asian monsoon region either by the authors of the palaeorecords we examine or by the moving t-test. Instead, most of the bins representing the early to middle Holocene have a negative anomaly number of events, suggesting that this period of the Holocene was marked by fairly stable monsoon conditions. The 8.2 cal. ka event was a short-lived (i.e., several hundred year) excursion from the mean climatic state. Our analysis, which focused on step changes from one climatic state to another, is not likely to detect this event.
What is the spatial pattern of climatic change?
The spatial pattern of climatic changes occurring at ad 1300 is heterogeneous ( Figure 5, A and B) . According to records from Figure 4 Histograms showing the number of abrupt events observed in the Asian monsoon region for historical and pre-historical time periods. Event frequencies were obtained by using interpretations of the authors of the palaeorecords (A, C) and by a moving t-test (B, D). Frequency of events for each bin is expressed as anomalies from expected number of events assuming a random distribution of events through time and correcting for two factors described in text. Black (striped) shading indicates bins with a positive anomaly that is statistically different from zero at the 95% (90%) con dence level.
Tibet and the Arabian Sea, conditions became drier in the Southwest Asian monsoon region. In Taiwan, two lake records show a transition to colder and/or drier conditions at this time. Similarly, a pollen record in NE China indicates climate changed to drier conditions. In east-central China, on the other hand, four historical records based on weather observations indicate a shift towards moister conditions.
In contrast to the change observed at ad 1300, the spatial patterns of climatic change during the early and middle Holocene are largely homogeneous across the Southwest and East Asian monsoon regions. At~4.5 to~5.0 cal. ka, climate became colder and/or drier across the region ( Figure 5, C and D) . Two exceptions are shifts towards moister conditions indicated by a marine varve record off the coast of Pakistan (detected by the authors of the record) and a marine sediment record off the coast of southeast China (detected by the moving t-test). At~11.5 cal. ka, abrupt changes occur without exception towards moister and/or hotter conditions ( Figure 5, E and F) .
The spatial pattern of change is less clear at~13.0 cal. ka, which is close to the time commonly assigned to the start of the Younger Dryas interval ( Figure 5 , G and H). There are several reasons for this. First, there are fewer records spanning this interval (Figure 3) , which provides us with less information from which to deduce patterns. Second, age control of the proxy records generally worsens with age, which leads to more errors in age assignment. Third, and perhaps most important, several proxy records from the monsoon region that record abrupt change at~13.0 cal. ka suggest that several short-lived alternations between drier and moister conditions occurred during this time period (Zhou et al., 1996; Wang et al., 1999b ). An analysis with resolution ner than the 500-year bins that we use might be required in order to make sense of the climatic changes observed during this part of the deglacial period. Therefore, in the following sections, we will focus our discussion on the abrupt climatic changes occurring during the Holocene. The abrupt events observed by the authors and by the moving t-test are recorded in a variety of different proxies, which gives us con dence that these events are real. In fact, the proxies showing abrupt change at a particular time interval tend to be a representative sample of the proxy types spanning that time period. We do note, however, that records of many different proxy types span the middle and late Holocene, while records spanning the deglaciation and early Holocene are more likely to be either loess or marine records.
There is a good correspondence between the abrupt events detected by the authors and by the moving t-test at ad 1300 ( Figure 5, A and B) . There is less correspondence between the abrupt events noted by the authors and by the moving t-test at other time periods. Any lack of correspondence between the two methods was due either to the methods assigning slightly different ages to the same event or to the t-test method detecting several events at only the 95% (rather than 99%) con dence level.
Another, less important, reason is that the moving t-test is less likely to detect events near the end of a record, where there are too few data points to identify a century-scale change.
The authors tend to observe more events at~11.5 cal. ka and fewer events at~4.5 to~5.0 cal. ka than the moving t-test does. This could be the case because previous review articles commonly suggest that an abrupt change in the monsoon occurred at the start of the Holocene (e.g., Wang and Fan, 1987; Overpeck et al., 1996) , and researchers have logically sought to con rm or deny that this abrupt event occurs in their own records. In contrast, this is the rst study to suggest that a widespread abrupt event occurred at~4.5 to~5.0 cal. ka in the Asian monsoon region. Previous studies indicated either a gradual weakening of monsoon strength due to slow changes in orbital forcing (Overpeck et al., 1996) or a series of abrupt events occurring in an unorganized fashion across space and time during the middle to late Holocene (Wang and Fan, 1987; Shi et al., 1993) .
What causes abrupt change in the Asian monsoon?
The ultimate cause of the abrupt events we observe must be variations in external forcing or natural, internal uctuations either within the monsoon or in a remote system. External forcings include uctuations in solar radiation and the frequency of volcanic events and internal forcings include changes in the North Atlantic thermohaline circulation and the El Niño-Southern Oscillation (Rind and Overpeck, 1993) . Based on present knowledge, we are unable to eliminate any of these possibilities. Internal oscillations occur in several climate model simulations without external forcing (e.g., Stocker and Marchal, 2000; Walland et al., 2000; Hall and Stouffer, 2001) . Model results only indicate that the climatic system may be capable of these variations, however, not that these uctuations actually occurred.
Estimates of solar variations based on measurements of 14 C and 10 Be (Stuiver et al., 1998; Finkel and Nishiizumi, 1997; Bard et al., 2000) and estimates of uctuations in volcanic activity based on sulphate preserved in the GISP2 ice core (Zielinski and Mershon, 1997) Be are also in uenced by climatic changes, and it is unclear to what extent these variables re ect solar variations. Also, the inferred solar uctuations are small, and ampli cation of this forcing from processes acting within the climatic system is crucial for explaining the abrupt change. Climatic change caused by a single volcanic eruption is short-lived. Unless a shift in the frequency of eruptions occurred, processes acting within the climatic system are also required to prolong the initial effects of volcanism. It is also important to note that there are many uctuations in both solar and volcanic activity during the Holocene that do not correspond to abrupt events within the Asian monsoon. This indicates that, if external forcing was the initial forcing mechanism for the abrupt changes we observe, the climatic system must play an important role in determining the response to this external forcing. In the following sections, we review changes observed in other parts of the climatic system that were synchronous with abrupt events in the Asian monsoon and discuss possible linkages between these changes and summer monsoon uctuations.
Onset of the Holocene
The abrupt event we observe at~11.5 cal. ka corresponds with the start of the Holocene and with abrupt climatic changes in many regions of the world. Ice-core records from Greenland suggest that temperatures increased 5-10°C in a few decades or less at the start of the Holocene (reviewed in Alley, 2000). Similarly, a wide variety of proxy records from Europe provide evidence for a 4-7°C temperature increase within a few decades at the start of the Holocene (reviewed in Walker, 1995; Ammann et al., 2000) . Decreases in ice-rafted debris and the foraminifera N. pachyderma in North Atlantic marine records also point towards a rise in sea-surface temperatures at this time (Lehman and Keigwin, 1992; Bond et al., 1997) . In many regions of North America, pollen and lake isotopic evidence suggests a rapid temperature increase of about several degrees at the start of the Holocene (reviewed in Peteet, 1995; Yu and Wright, 2001 ). In the tropics, lake-level records from Africa provide strong evidence for increases in moisture during the early Holocene (reviewed in Gasse, 2000) and records from South America show spatially variable changes in temperature and moisture (Thompson et al., 1998; Betancourt et al., 2000; Baker et al., 2001) . Evidence for climatic changes in the temperate and high-latitude regions of the Southern Hemisphere is more equivocal. Pollen records from New Zealand and Southern Chile provide no evidence for climatic change during this time period (Markgraf, 1993; Singer et al., 1998; Bennett et al., 2000) , while other records from these regions suggest an abrupt warming and glacier retreat (Hellstrom et al., 1998; Moreno et al., 2001) . In general, little change is observed in records from Antarctica at this time (Sowers and Bender, 1995) . One exception is the ice-core record from Taylor Dome in coastal East Antarctica, which shows dD variations that are synchronous with changes observed in Greenland (Steig et al., 1998) .
In order to explain these climatic changes, researchers cite evidence for enhanced North Atlantic deep-water formation at the start of the Holocene (e.g., Boyle and Keigwin, 1987; Marchitto et al., 1998; Hughen et al., 2000) and subsequent changes in atmospheric circulation. A modelling study by Overpeck et al. (1996) suggests that an increase in deep-water formation could also have affected the Asian monsoon. In their simulation, warm anomalies in the North Atlantic were advected by the westerlies over the Eurasian continent. Warmer temperatures over Eurasia reduced snow accumulation, which increased land temperatures in the spring and summer and enhanced the land-to-sea temperature gradient that drives the Asian monsoon.
Several pieces of evidence support the Overpeck et al. (1996) hypothesis. First, the timing of abrupt change in the North Atlantic and in the Asian monsoon is the same, given the limits of the precision of radiocarbon dating. This similarity makes it likely that the events are related and also suggests that any teleconnection between the two regions occurred rapidly and through changes in the atmosphere. Second, the abrupt changes observed in these two regions are both of large magnitude. In the monsoon region, the abrupt change at the start of the Holocene is nearly always the largest shift of proxy values observed in the records. Similarly, the temperature increase in the North Atlantic region at this time is larger than any other observed during the Holocene.
Other hypotheses propose that a strengthened Asian monsoon could cause a warming in the North Atlantic by either (1) increasing atmospheric methane concentration due to the expansion of tropical wetlands (Gasse and Van Campo, 1994) or (2) strengthening the hydrologic cycle and causing a sea-level fall that would stabilize coastal glaciers in the North Atlantic region and allow for a strong thermohaline circulation (Kudrass et al., 2001) . Several questions are raised about each of these mechanisms, however. Severinghaus et al. (1998) suggest that the increase in atmospheric methane concentrations at the start of the Holocene lags the temperature increase in the North Atlantic by several decades. Fairbanks (1989) documents a sea-level rise, rather than fall, at the start of the Holocene. Therefore, we think the Overpeck et al. (1996) hypothesis describes the most likely causal link between changes in the North Atlantic and in the Asian monsoon at the start of the Holocene.
Middle Holocene
Abrupt climatic changes occurring~4.5 to 5.0 cal. ka have also been observed in many regions of the world. Lakes across Africa experienced major regressions at~4.5 cal. ka and have never since expanded to their previous levels (Gasse, 2000) . Other evidence suggests that a decrease in vegetation and an increase in aeolian dust transport in North Africa could have begun earlier at~5.5 cal. ka . A signi cant increase in aridity in Northern Mesopotamia beginning at 4.2 cal. ka, similar to the timing of the 4.5 cal. ka bin (4.25 to 4.75 cal. ka), led to the collapse of the Akkadian empire (Weiss et al., 1993; Cullen et al., 2000) . In the tropical Paci c region, a variety of coral, pollen and lake records indicate that interannual variations associated with ENSO increased and that more intense and more frequent ENSO warm events began to occur during the middle Holocene (McGlone et al., 1992; Shulmeister and Lees, 1995; Gagan et al., 1998; Rodbell et al., 1999; Cole, 2001; Tudhope et al., 2001 ). In the North Atlantic, an abrupt change towards cooler conditions during this time is documented by several palaeoceanographicrecords (Keigwin, 1996; Bond et al., 1997; Jennings et al., 2002) .
These observations of abrupt change at~4.5 to 5.0 cal. ka suggest several possible causes for the change in monsoon strength. First, the abrupt shift towards drier conditions in the monsoon region could have resulted from cold temperature anomalies in the North Atlantic being advected over Eurasia, similar to the mechanism described for the start of the Holocene, but with the anomalies in the opposite direction. This hypothesis has several potential weaknesses, however. The abrupt change observed in the North Atlantic at this time was one of many changes that occurred through the middle and late Holocene and, in general, there does not seem to be anything about its magnitude or duration that sets it apart from the others. One exception is the cold event at~4.7 cal. ka observed by Jennings et al. (2002) , which appears to mark the onset of a series of cold events in their record. However, this event might merely re ect changes in local glacier dynamics or the gradual southward movement of the polar front rather than a shift in climate regime (Jennings et al., 2002) . There are also discrepancies between the timing of the events in the North Atlantic, with the record of Bond et al. (1997) showing cold events out-of-phase with those observed by Jennings et al. (2002) and Keigwin (1996) . It is necessary to determine whether these events in the North Atlantic are synchronous with the abrupt decrease in monsoon strength before this hypothesis can be accepted.
The abrupt shift we observe in the monsoon region could alternatively be related to changes in the state of ENSO. An increase in the frequency of strong El Niño events could cause the decrease in monsoon precipitation we observe during the middle Holocene by altering the location of convection in the Paci c Ocean. During El Niño events, warmer SSTs in the central and eastern equatorial Paci c cause surface convergence to occur further east, away from the region of the Asian monsoon (Shukla and Paolino, 1983; Yang, 1996) . This is thought to draw moisture away from Asia and cause a weaker summer monsoon.
This hypothesis has several uncertainties that need to be resolved before it can adequately explain the abrupt change in Asia. First, the exact timing of the change in ENSO is not well de ned, and it is not clear whether this change was gradual or abrupt. Second, the mechanism responsible for less intense and less frequent warm events in the middle Holocene is not clear. Authors have identi ed several processes that are forced by insolation changes and that could be responsible for the middleHolocene ENSO state. These include coupled ocean-atmosphere processes occurring within the equatorial Paci c (Clement et al., 2000) , increased transport of zonal momentum from the extratropics into the tropical Paci c (Bush, 1999) and northward transport of SST anomalies into the equatorial Paci c from the south Paci c (Liu et al., 2000) . However, it is also possible that variations in Asian monsoon circulation affect the state of ENSO. Liu et al. (2000) suggest that the intensi cation of the Asian monsoon during the middle Holocene led to enhanced trade winds in the equatorial Paci c, which inhibited the development of warm El Niño anomalies. It may be most accurate to consider the Asian monsoon and ENSO as interacting systems, in which a change in one induces a change in the other, which in turn feeds back on the rst. For example, a gradual decrease in insolation could have caused a gradual reduction in monsoon strength, which in turn triggered an abrupt shift in ENSO and a subsequent abrupt decrease in monsoon strength.
A third possibility is that the abrupt change in the middle Holocene originated within the monsoon region, as the result of a nonlinear land-atmosphere process responding to insolation change. Claussen et al. (1999) propose that the abrupt decrease in African monsoon precipitation in the middle Holocene is due to the effects of an abrupt decrease in vegetation cover in the Sahara, which was a response to slowly varying insolation changes. Our results indicate, however, that the abrupt climate shift~4.5 to 5.0 cal. ka BP extended well beyond North Africa. One implication is that regional land-atmosphere interactions may not have been the primary or sole driver of the abrupt shift observed in Africa, but rather just one important player. This is consistent with the growing number of papers (e.g., Kutzbach and Liu, 1997; Hewitt and Mitchell, 1998 ) that indicate ocean feedbacks may also have played an important role in the circulation of the African monsoon during the middle Holocene. Additionally, although a similar regional land-atmosphere interaction could have occurred in Asia, it would be surprising (but not impossible) if this interaction occurred synchronously in both Africa and Asia. Therefore, changes in either the North Atlantic or the tropical Paci c appear to be the most likely cause of the abrupt change we observe. Both of these explanations are consistent with physically based models and with palaeodata from these two regions.
Late Holocene
The abrupt event we observe at ad 1300 falls within the time period palaeoclimatologists sometimes describe as the transition between the 'Mediaeval Warm Period' and the 'Little Ice Age'. The use of these terms may be misleading, however, because climate during these time periods was not consistent through either time or space. Records from these time periods show several substantial decadal to multidecadal warm and cold temperature anomalies and also disagree with one another regarding the timing of these climatic changes (Grove, 1988; Bradley and Jones, 1993; Hughes and Diaz, 1994; Mann et al., 1999; Crowley and Lowery, 2000) . Despite the climatic heterogeneity of this time period, several high-resolutionrecords show a convincing shift in climatic regimes at ad~1300. A record of G. bulloides abundance in the Cariaco Basin suggests that a shift in the variability of North Atlantic SSTs occurred at about ad 1320, from a time of rapid (less than a decade) high-amplitude changes to a period of slower (10-20 years) small-amplitude changes (Black et al., 1999) . Several records from the central United States indicate that droughts in that area changed from extreme, multidecade events to less severe and less persistent events sometime between ad 1200 and 1300 (Laird et al., 1996; Woodhouse and Overpeck, 1998) . Lastly, Verschuren et al. (2000) , using fossil diatom and midge assemblages from Lake Naivasha in Kenya, conclude that East Africa experienced a climatic shift from dry and more stable conditions to wet and less stable conditions at ad~1270.
Climatic changes at this time, both in the Asian monsoon region and around the world, are more heterogeneous than earlier in the Holocene. Due to this heterogeneity, there are no clear connections between the Asian monsoon region and other regions of the world at this time. The pattern of change within the Asian monsoon region may provide information about the source of this climatic change, however. We observe a shift towards drier conditions in the Southwest Asian monsoon area, Taiwan and northeastern China, while east-central China becomes wetter. This is similar to the pattern that is observed in modern meteorological records during years with increased snowcover over Eurasia (Hahn and Shukla, 1976; Yang and Xu, 1994) . This anomaly pattern does not occur with changes in ENSO, another strong control on monsoon variability on the interannual timescale. Changes in the state of ENSO tend to correlate with rainfall anomalies in India and east-central China that have the same sign (Hu and Nitta, 1996) .
Conclusions
To summarize, we identi ed abrupt changes in the strength of the Asian monsoon at four time periods since the last deglaciation. Variations in monsoon strength at ad 1300 are more spatially heterogeneous than at the other time periods, perhaps because this climatic change was smaller than during other time periods. The pattern of precipitation changes is similar to the pattern occurring today due to an increase in winter snowcover over Eurasia. More data are needed to determine if an increase in snowcover could have caused the change in monsoon strength at ad 1300.
This research is the rst to identify a period of widespread and abrupt weakening in monsoon strength during the middle Holocene (~4.5 to 5.0 cal. ka). This nding contradicts previous notions of either a gradual weakening in monsoon strength due to slow changes in orbital forcing (e.g., Overpeck et al., 1996) or a series of abrupt events occurring in an unorganized manner across space and time during the middle to late Holocene (Wang and Fan, 1987; Shi et al., 1993) . This disagreement might result from the fact that we examine many records from the East Asian monsoon region as well as the Southwest monsoon region and that we also incorporate many new and well-dated records into our compilation. The abrupt weakening of monsoon strength at this time might be tied to either a cooling in the North Atlantic or an increase in the frequency and intensity of warm ENSO events.
We also observe a widespread strengthening in the Asian monsoon at the start of the Holocene, as suggested in previous research (e.g., Wang and Fan, 1987; Overpeck et al., 1996) . This abrupt change could be linked to the abrupt warming that occurred at the same time in the North Atlantic. Signi cant changes in the strength of the Asian monsoon also appear to occur at the start of the Younger Dryas interval, but data are insuf cient to draw any conclusions about the direction of this climatic change. We nd no strong evidence for an abrupt change in the Asian monsoon at~8.2 cal. ka. More higher-resolutionpalaeodata are needed to determine if this short-lived event occurred in the Asian monsoon region.
One motivation for this research was to identify possible causes and patterns of future abrupt climatic change in this region. Our results indicate: (1) teleconnections with other parts of the climatic system, in particular the North Atlantic and the tropical Paci c, are likely to be important in determining the timing and direction of climatic changes; (2) gradual changes in forcing (e.g., insolation) may trigger abrupt shifts in monsoon strength, either directly or through these teleconnections;and (3) changes in monsoon precipitation have had both homogeneous and heterogeneous spatial patterns during the Holocene. The size of the climatic change might determine which of these spatial patterns occurs. Most importantly, our results reveal the potential for future major abrupt changes in the Asian monsoon, some of which can take place on time scales of 100 years or less.
